This paper presents the results of investigations into particular features of laminarto-turbulent transition of pipe flows. The first part considers transitional flows that occur 'naturally', i.e. without any forcing, when a critical Reynolds number is reached. Measurements are reported that were carried out to study the intermittent nature of pipe flows before they become fully turbulent. The second part of the paper concentrates on forced laminar-to-turbulent transition where the forcing was achieved by ring-type obstacles introduced into the flow close to the pipe inlet. The influence of the ring height was investigated and the results showed a dependence of the critical Reynolds number on the normalized height of the disturbances. The laminarto-turbulent transition was also investigated when caused by partially closing an iris diaphragm that permitted the flow to be forced to turbulence over short time intervals. Investigations of controlled intermittency became possible in this way and corresponding results are presented.
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Introduction, literature and aim of the work
At least since the famous dye experiment of Reynolds (1883) , there has been an overall understanding that fluids can flow through pipes in two distinct states, depending on the Reynolds number, Re, of the flow. Below a critical Reynolds number, the flow has the properties of a Hagen-Poiseuille flow and accidental disturbances that enter the flow are rapidly obliterated. The flow is referred to as being laminar and is said to be stable with respect to the introduced disturbances. As the Reynolds number is increased, the flow becomes increasingly sensitive to disturbances and it is observed that the fluid motion becomes irregular in time and space. This state of the flow is referred to as turbulent and its irregular motion at every location in the pipe is accompanied by an increase in friction factor, c f (Re). All this is well known and the overall properties of laminar and turbulent pipe flows can be considered as being available in the fluid mechanics literature.
In spite of the good knowledge of laminar and turbulent pipe flows, there are still a number of open questions regarding details of the two flow states. Most of these questions relate to the regime where the flow changes from the laminar to the turbulent state. Available studies suggest that the flow becomes turbulent at a critical Reynolds number in the range 2000-100 000 (e.g. see Schiller 1934; Ekman 1883; Pfenniger 1861) , depending on the 'smoothness of the inlet' to the pipe flow. However, this general explanation is insufficient to explain the wide range of critical Reynolds numbers found in the literature for the occurrence of transitions. No clear picture exists of what 'smoothness of the inlet' means and how it relates to the critical Reynolds number at which transition occurs, i.e. there is no clear picture of what causes the flow to go from the laminar to the turbulent state in pipe flows.
One of the most detailed studies of the laminar-to-turbulent transition of pipe flows was carried out by Rotta (1956) . He performed hot-wire velocity measurements through a pipe with length-to-diameter ratio L/D = 333 and he was able to keep the air flow rate constant with a specially designed air supply valve, to prevent the flow rate oscillations usually induced by pressure drop changes, at the transitional Reynolds numbers. With three different inlet configurations, he obtained similar transitional Reynolds numbers. In Rotta's case, the flow was intermittent in the range 2000 6 Re 6 3000. Mean velocity profiles and intermittency were measured at different locations over the entire pipe length and, in this way, various details of the flow behaviour emerged.
Even more extensive work was carried out by Wygnanski & Champagne (1973) , Wygnanski, Sokolov & Friedman (1975) and Rubin, Wygnanski & Haritonidis (1980) . They showed the existence of two different flow structures during the laminar-toturbulent transition of the flow, and referred to them as puffs and slugs, depending on their occurrence and dependence on the Reynolds number of the flow. Puffs were generated in their experiments by large disturbances at the inlet of the pipe and existed for the range 2000 6 Re 6 2700 and slugs were generated by small disturbances for Re > 3200. These authors carried out detailed hot-wire velocity measurements in an L/D = 500 pipe test rig, and it was claimed that a constant pressure drop for the air flow through the pipe was established for the investigations. The transitional Reynolds number measured in the investigations of Wygnanski and co-workers varied when the inlet nozzle-pipe configuration was changed or when mechanical disturbances were applied at the inlet. They measured mean velocities and turbulence intensities by using conditional sampling methods and ensemble averaging techniques to yield mean flow data. From these measurements, it was concluded that in their interior flow structure slugs had similar characteristics to the corresponding fully developed turbulent flow. The flow structures of the observed puffs differed from these typical characteristics of the fully developed state of the turbulent flow. Slugs also showed definite interfaces at their heads and tails. The length of a slug was of the same order as the pipe length and in some cases its duration corresponded to a time longer than the passage through the pipe length. Puffs, on the other hand, did not show a clear interface at their head, their mean velocities were roughly the same as the mean flow velocity of the pipe flow, the length of puffs stayed, on average, constant at a given Reynolds number and their duration was in general shorter than the passage time corresponding to the pipe length.
In investigations by Darbyshire & Mullin (1995) , a constant-mass-flow-rate test rig was used similar to that of Rotta (1956) , but using water as the fluid medium. Disturbances were created by water injections with one and with six injector configurations at L/D = 70 downstream from the pipe inlet. They observed similar flow structures as Wygnanski & Champagne (1973) . However, the main aim of their study was not the distinction of different flow structures but finding the threshold disturbance amplitude to initiate transition. They did not observe any turbulent motion below Re ≈ 1760. From their investigations, Darbyshire & Mullin (1995) concluded that the turbulent structures that they observed were independent of the kind of macroscopic disturbances that they applied to the flow.
In more recent studies by Draad, Kuiken & Nieuwstadt (1998) and Hof, Juel & Mullin (2003) , investigated the amplitudes of the threshold disturbances yielding laminar-to-turbulent transition of pipe flows and their dependence on the Reynolds number. In these studies, very similar to those of Darbyshire & Mullin (1995) , periodic blowing and sucking through holes in the wall were used to disturb the flow. The threshold amplitudes were defined based on the injected mean flow rate. Owing to differences in the experimental details, quantitative agreement with the results of Darbyshire & Mullin (1995) was not obtained, as discussed by Trefethen et al. (2000) .
The present investigations are based on the above-mentioned results of previous investigations and can be considered as an extension of the studies by Rotta (1956) and Wygnanski & Champagne (1973) . The investigations were preformed with a test rig including a 15 mm diameter brass pipe, with L/D = 667. A mass flow control unit was applied to generate constant flow rates corresponding to predetermined Reynolds number. Along the pipe and over its entire length, seven pressure transducers were installed, which allowed one to observe the growth and decay of the transitional flow structures. At the exit of the pipe, hot-wire velocity measurements were conducted to record the state of the flow. In § 2, the experimental test rig and the measurements conducted are described. Section 3 summarizes the measurements conducted under natural transition conditions. In § 4, the results are given for ring-type obstacles at the pipe inlet. The results for the iris-diaphragm-triggered turbulence are summarized in § 5, and in § 6 conclusions and an outlook for future research in this field are presented.
Test rig and measuring equipment
To carry out investigations of various aspects of laminar-to-turbulent transitions of pipe flows, a test rig was set up with the major components shown in figure 1. Its main part consisted of a brass pipe of 15 mm diameter and total length 10 m, corresponding to L/D = 666.7. The flow of air was provided by a high-pressure supply line connected to a mass flow rate control unit of the type described by Durst et al. (2003) . This unit is shown in figure 2 , providing information about the theoretical background of the operation of the control valve and of its control electronics. This figure provides information on all the essential parts that control the mass flow rate supplied to the brass pipe test rig to within ±1% of the required flow. The entire system operates in such a way that pressure changes in the transitional flow regime do not influence the mass flow through the pipe.
The flow rate control unit was driven by a pressure supply of 5 bar imposed in its pre-chamber. This generated a flow through a critical nozzle, providing a constant
. . mass flow rate proportional to the nozzle area, as shown in figure 2. Pressure variations in the pre-chamber of the mass flow rate control unit were recorded and used by the electronics sketched in figure 2 to ensure that mass flow rateṁ = constant was achieved for each set flow rate. Hence the nozzle flow area was set to achieve a constant Reynolds number by a linear drive, as explained by Durst et al. (2003) . In this way, the test rig, sketched in figure 1, permitted pipe flow investigations under steady flow conditions. To provide a well-controlled inlet flow to the pipe, various flow conditioners were applied and the final one chosen was installed. As shown in figure 3 , it permitted the laminar flow regime of the pipe flow to be monitored up to Re ≈ 13000. By repeating experiments it was shown that the Reynolds number range at which the laminar-to-turbulent transition occurred was highly repeatable within ±2% of the appropriate Reynolds number setting. Typical velocity profiles, measured at the exit of the pipe for different Reynolds number, are also given in figure 3. For the highest Reynolds number, still lying in the laminar regime, the turbulence level of the flow is indicated in figure 3 , showing a turbulence level of u /U ≈ 0.2%. This turned out to be sufficiently small to carry out the investigations described in this paper.
Status
To carry out instantaneous pressure measurements along the pipe, seven pressure transducers were installed, each with an operating range of ±20 mbar and 1 kHz time resolution. The locations of the pressure transducers along the pipe are shown in figure 1 registering the occurrence of laminar or turbulent flow, at that particular location along the pipe, of course only with the local resolution given by these locations. This turned out to be sufficient for the laminar-to-turbulent flow transitional investigations described in this paper.
As already mentioned, a hot-wire anemometer set-up was employed at the exit of the pipe to carry out local velocity measurements. It included a traversing system and a single wire probe connected to a DISA 55 M01 constant-temperature hot-wire anemometer. To obtain velocity profile measurements, the vertical motion of the traversing system was activated and controlled through a PC. All pressure transducer and hot-wire anemometer output was connected to a 16-channel 16-bit 333 kHz data acquisition card for simultaneous measurements of velocity and corresponding wall pressures. The output flow rate of the mass flow rate controller was also set by the PC and a special software program ensured that the entire measurements could be carried out in a well-controlled manner. Various sub-programs within the data acquisition system were written to carry out the processing of all data to yield the flow and pressure information provided in this paper.
The above-described properties of the flow control unit and the test-rig make it clear that this flow facility is ideally suited to studying transitional flows. When turbulent transition occurs in a pipe, the pressure drop changes and the unit, which the authors have built for this purpose, automatically adjusts immediately to take this increased pressure drop into account to yield a pipe flow with a constant mass flow rate. Wygnanski and co-workers had to achieve this by running their test-rig at high pressures so that the pressure changes due to laminar-to-turbulent transition did not have a big effect on their results.
Studies of natural transition
The test rig (figure 1) represented an ideal test section for studying the naturally occurring laminar-to-turbulent transition. As mentioned in the previous section, initial experiments showed that for the finally chosen inlet flow conditioner the laminar-toturbulent transition took place at a Reynolds number of around 13000. Below this critical value, the turbulence intensity, at the centreline of the flow, remained below 0.2%, representing the background turbulence of the test facility. With increasing Reynolds numbers, the flow became intermittently turbulent, yielding instantaneous velocity records at the end of the pipe, as indicated in figure 4. The instantaneous centreline velocity is shown in figure 4 These velocity and intermittency measurements permit a good insight into the overall flow structures that occurred in the Reynolds number range of laminarto-turbulent transition, although all information was deduced from the velocity measurements at the outlet of the pipe. The corresponding pressure measurements in figure 6(a) show the pressure variation with time in the Reynolds number range when slugs were formed. Figure 6(b) shows the corresponding velocity signal at the end of the pipe. Looking at both time traces permits the following information to be deduced: (i) The slug flow starts to develop from the inlet of the pipe. It is swept downstream and fills the pipe as time proceeds. This development occurs within the time period t 1 to t 2 .
(ii) At time instant t 2 , the slug front reaches the pipe exit and at this time the slug length in the pipe is a maximum.
(iii) In the time period from t 2 to t 3 , the slug tail moves through pipe and leaves the pipe at time instant t 3 . The combined velocity and pressure information is shown in figure 7 . Figure 7(a) shows the r.m.s. values of longitudinal velocity fluctuations at the axis of the pipe as a function of Reynolds number. The corresponding local turbulence intensity is presented in figure 7(b) , showing the increase at Re ≈ 13000, when the laminar-toturbulent transition occurs. The overshoot in the r.m.s. velocity fluctuations is clearly visible, caused by the laminar-to-turbulent and turbulent-to-laminar velocity jumps that occur at the beginning and end of the slug-like flows. Thereafter, i.e. for Re ≈ 13500, the region of fully developed turbulent pipe flow exists at all times with its well-known turbulent flow properties.
This flow behaviour is also reflected by the friction factor f = 2τ w /(ρ U 2 ) that corresponds for Re 6 13000 to the theoretically predicted relationship f lam = 64/Re, as indicated in figure 7(c). For Re > 13500, the experimentally obtained friction factor is described well by the relationship f turb = 0.3614/Re 1/4 . It is interesting that the peak in the r.m.s. value of the longitudinal velocity fluctuation on the axis of the pipe flow does not result in a corresponding overshoot of the friction factor.
Overall, the experimental results described in this section clearly reveal that the experimental test facility permitted laminar-to-turbulent pipe flows of air to be investigated in a well-controlled manner yielding highly repeatable results. These results showed that the investigated laminar-to-turbulent flow transition apparently occurred as a result of disturbances at the pipe inlet, i.e. transition always started at the pipe inlet. This phenomenon will require further experimental and theoretical studies. However, the results obtained so far are sufficient to permit the study of the forced laminar-to-turbulent flow transition described in the next two sections. They were used in the investigations to distinguish between puff-like and slug-like transition to turbulence. The flow structures are so distinctly different that a differentiation between puffs and slugs represented no problem in all phases of the investigations.
Transition forced by ring obstacles
It is common practice in turbulent pipe flow research to utilize triggering devices upstream of the investigated flow to force the flow to become turbulent in a more defined manner. For turbulent pipe flow, ring-type obstacles of the kind shown in figure 8 are commonly employed. This encouraged the authors to look at such triggering devices and to investigate their influence on the laminar-to-turbulent flow transition in pipes. Various rings were used and were mounted between the flow control unit shown in figure 1 and the inlet of the pipe. To ensure high concentricity of the inner and outer diameters d and D of the rings, laser cutting and special machining were employed to ensure that both diameters to had common centre and also to be accurate within ± 10 µm. Different blockage ratios were employed, as indicated in figure 8. For each blockage ratio, a separate set of investigations was carried out utilizing the velocity and pressure measurement facilities employed for the transition studies described in § 3. Hence, the state of the flow in the pipe was deduced from pressure gradient measurements and turbulence intensity records at the end of the pipe. The investigations carried out with different obstacles revealed that the critical Reynolds number for the laminar-to-turbulent flow transition decreased with increasing obstacle height. This is shown in figure 9 , providing a summary of the transitional flow results.
For the flows triggered by obstacles at the pipe inlet, investigations were performed on the critical Reynolds number occurring for each obstacle. The results clearly showed, for both the pressure and velocity measurements, that the laminar-toturbulent transition occurred over a small finite Reynolds number range, indicated by Re low and Re up . Figure 10 shows how extrapolated values of the turbulence intensity measurements to the laminar state of the flow, Re low , and to the turbulent state of the flow, Re up , were employed to define the Reynolds number range within which flow transition occurs.
These investigations permit the critical ring obstacle height that is needed to turn the flow from the laminar to turbulent state to be defined. Dimensional analysis suggests that the normalized height h * can be introduced as
to characterize the critical height, where h is the obstacle height, U τ = √ τ w /ρ the wall friction velocity of the laminar flow, ν the kinematic viscosity, U mean the mean velocity of the pipe flow and D the pipe diameter. Utilizing h * = f (Re) in figure 9 yields a clear separation between the laminar and turbulent flow regimes of the pipe flow when triggered by ring-type obstacles. The decrease in the normalized obstacle height with Figure 10 . Measured r.m.s. velocity, turbulent intensity and friction factor for ring-obstacles at the pipe exit.
Reynolds number of the flow (abscissa) is clearly seen in figure 9 . Furthermore the turbulent structures observed during the intermittent flow Reynolds number differ as the Reynolds number increases. For intermittent flow Reynolds number below 3000 puff-type turbulent structures were observed and for higher Reynolds number slugtype structures. This finding is also indicated in figure 9 . Figure 11 shows examples of centreline time records of puff and slug structures with velocity-time records very similar to those observed during the experiments of Wygnanski & Champagne (1973) and Wygnanski et al. (1975) . The flow characteristics of these puff and slug structures will be considered further in the next section. 
Forced transition by the iris-diaphragm
The results presented in § 2 made it clear that naturally occurring laminar-toturbulent transition occurs in an intermittent way and in these experiments this happened at a critical Reynolds number of Re c ≈ 13000. At this Reynolds number the flow in the pipe starts to exist as a sequence of slugs that are produced in an uncontrolled way. Over a small Reynolds number range (see figure 4) , the number of slugs and their individual duration are increased until the fully developed stage of turbulent pipe flow is reached.
In order to force the flow to show similar intermittent laminar-to-turbulent transition at lower Reynolds number, ring-type obstacles were employed in a sequence of experiments as described in § 3. Depending on the height of the ring-type obstacles, the critical Reynolds number could be adjusted to be anywhere in the range 2000 6 Re c 6 13000. At any adjusted Reynolds number for Re c > 3500, the transition again took place in the form of slugs that occurred in a random manner with uncontrolled durations. Figure 10 indicates that, in principle, at a length of L/D = 666.7, the naturally occurring and the triggered laminar-to-turbulent transitions show the same characteristic flow properties. Hence, ring-type obstacles are effective in controlling flow transition in pipe flows, i.e. to fix the critical Reynolds number for the laminarto-turbulent transition of the flow.
To provide even better control of the flow that permits the time of occurrence of turbulent slugs to be controlled, in addition to their duration, an iris diaphragm was installed at the inlet of the pipe test section as indicated in figure 12. Using the results in figure 9 the iris diaphragm could be used to provide conditions for the laminar-to-turbulent flow transition to occur in the form of slugs and puffs at any Reynolds number in the range 2650 6 Re c 6 13000. Initial experiments carried out by opening and closing the iris diaphragm confirmed this. The actual time to bring the iris diaphragm into position to represent a ring-type obstacle, i.e. to provide the required flow triggering, was adjusted to be 10 ms. This time turned out to be short enough to produce intermittently and in a controlled manner puffs and slugs in the pipe flow, depending on the setting of the Reynolds number of the flow in accordance with the results in figure 9 . Preliminary studies confirmed that the iris diaphragm triggering device produced turbulent slugs very similar to those obtained in the studies described in § 3. Figure 13 shows examples of slugs produced in this way, i.e. it shows corresponding velocity records at the end of the pipe test rig and pressure-time records along the pipe, measured for Re = 5176. The extended test rig, sketched in figure 12 , enabled sequences of puffs and slugs to be generated at different frequencies and with different durations. To trigger these flow structures, characteristic for the laminar-to-turbulent flow transition in pipes, the Figure 14 . Time-averaged velocity and turbulence intensity profiles of (a) a slug structure at Re = 5000 and (b) a puff structure at Re = 2850. results in figure 9 were used to provide the appropriate size of the iris diaphragm for each set of Reynolds number. In this way, the individual flow properties of puffs and slugs could be studied. The same time sequences of puffs and slugs could be employed to study their phase-averaged mean velocity and turbulence intensity properties. Quantities of this kind are shown in figure 14 , providing the phaseaveraged mean velocity as functions of the relative time for both puffs and slugs. The corresponding turbulence intensity is also shown in figure 14 . Information is provided for various radial locations indicating that both puffs and slugs occupy the whole cross-section of the pipe. The results in figure 14 are examples chosen from a large number of time records of instantaneous velocities for puffs and slugs. The puff structure presented in figure 14(b) corresponds to Re = 2850 and the slug structure in figure 14(a) to Re = 5000. One of the main differences between the flow structures of puffs and slugs is in the mean velocity variations of the heads. Puffs show a decaying velocity profile in their head without the more abrupt velocity variation of the head that is typical for slugs. At the centre of the pipe, in general puffs show higher values of the local, phase-averaged turbulent intensity.
The experimental set-up also permitted the transitional cross-sectional velocity profiles to be constructed. These profiles are shown in figure 15 for the puff and slug flow structures analysed in figure 14. Further information about the motion of puffs and slugs through the pipe could be deduced from the pressure records along the pipe. Especially for the slug-like flow structures, it was possible to track their motion because of the high-pressure gradients that they produced. From the pressure records, it was possible to deduce their ensemble-averaged head and tail velocities, showing that the head velocity of a slug increases during its motion through a pipe. Between the last two pressure sensors of the test section, the head and tail velocities given in figure 16 were measured and compared with results obtained by Wygnanski & Champagne (1973) and Lindgren (1969 Lindgren ( , 1957 . This readily suggests that the iris-diaphragm triggering device can be employed to provide puff-and slug-like flow in a well-controlled manner and so are easily accessible to detailed experimental investigations.
These investigations make it clear that the iris-diaphragm extension of the test-rig let to a flow facility that permits detailed studies of puffs and slugs because their natural appearance becomes deterministic, permitting transitional flow studies with high repeatability and reliability. Its employment is recommended for future studies of laminar-to-turbulent transition of pipe flows forced by wall-bounded obstacles.
Conclusion, final remarks and outlook
The laminar-to-turbulent transition in pipe flows occurs in form of slugs that occurred naturally in the test rig for Re c ≈ 13000. To cause slugs to occur at lower Reynolds number, ring-type obstacles were introduced into the pipe wall and at the pipe inlet. Changing the height of the obstacle permitted varying the critical Reynolds number at which the laminar-to-turbulent flow transition occurred through intermittently appearing slugs. Any Reynolds number in the range 3500 6 Re 6 13000 could in this way be selected as the critical Reynolds number. The laminar-toturbulent transition through puffs could also be selected in the Reynolds number range 2000 6 Re 6 3500.
To provide puff-and slug-like flow structures in a more controlled way, the test-rig was modified with an iris diaphragm. Its closing and opening were controlled by a servo-driver to produce puffs and slugs at pre-determined times for pre-selected durations. In this way, ensemble-averaged flow properties of puffs and slugs could be measured and are presented.
The iris diaphragm also permits controlled intermittency experiments where the intermittency factor can be adjusted to have any pre-chosen value between zero and one. In this way, intermittently occurring laminar and turbulent flows can be produced that are expected to show advantages when applied to heat transfer in pipe flows.
The present work received support from the DFG (Deutsche Forchunggemeinschaft), through contract number DU 101/61-1 to produce the mass flow rate control unit employed in this study. Further support was obtained through internal funding from LSTM-Erlangen. These fundings are gratefully acknowledged.
